ABSTRACT: Data for ciliate abundance, biomass and taxonomic composition, along with relevant biotic and abiotic parameters, were gathered from 9 profiles in the Bellingshausen and Amundsen Seas (Southern Ocean) during late summer and early autumn 2006. A total of 70 species were found, with extrapolations using species accumulation curves suggesting that the true diversity lay between 77 and 90 species. Ciliate abundance and biomass were low, but not unexpectedly so, given the time of year and productivity of the system. Despite the harsh environment, species richness was not less than that found for protists from more temperate habitats, and declined with depth less steeply than abundance and biomass. Ciliate biomass was driven primarily by productivity, with tighter correlations between chlorophyll a (chl a) and either abundance or biomass than those seen from other marine systems. Community composition was also driven by productivity, with a principal components analysis (PCA) on species data showing the first axis strongly correlated with productivity parameters. Moreover, species abundance distributions (SADs) were most often best matched by the geometric distribution, thought to be expected when relatively few parameters determine species distributions. Abundance and diversity were also compared using settled and quantitative protargol stain (QPS) samples. QPS samples had lower mean abundance, higher total species richness and higher taxonomic resolution than did the settled samples. However, per-sample species (or morphotype) richness was the same in settled and QPS samples.
INTRODUCTION
That ciliates can form a substantial proportion of planktonic biomass, and play a central role in aquatic carbon fluxes, is well established (Weisse et al. 1990 , Burkill et al. 1995 , Calbet & Landry 2004 . It is also apparent that there can be high taxonomic diversity among ciliates, with both endemic and cosmopolitan species (Katz et al. 2005 , Doherty et al. 2007 , Foissner et al. 2008 . However, studies which combine quantitative abundance and biomass data with good taxonomic resolution for ciliates, particularly in the Southern Ocean, are quite rare. Petz (2005, and references cited therein) list a total of 161 ciliate species found in the Southern Ocean from various studies, time periods and habitats, and while the taxonomic resolution is outstanding, it is not possible to obtain an idea of which species are dominant and which are rare. Moreover, many studies on ciliates of the Southern Ocean have concentrated on sea-ice or ice-edge communities (e.g. Garrison & Buck 1989 , Song & Wilbert 2000 , Garrison et al. 2005 . On the other hand, total ciliate abundance or biomass has often been calculated, but taxonomic resolution often has not gone beyond that of tintinnids or oligotrichs (e.g. Garrison et al. 1993 , Edwards et al. 1998 , Froneman 2004 , Santoferrara & Alder 2009 ). The lack of taxonomic detail can result in the loss of ecologically relevant information, as ciliates can fill the functional roles of autotrophs, mixotrophs and heterotrophs -grazing particles from picoplankton to large diatoms -and are themselves consumed by predators ranging from dinoflagellates to krill (Sanders 1991 , Sanders & Wickham 1993 , Stoecker et al. 1995 , Christaki et al. 1999 , Wickham & Berninger 2007 . Using settled samples fixed with Lugol's solution or Bouin's solution to enumerate ciliates can be a hindrance to better taxonomic resolution, as, in these samples, it is often difficult to identify the small aloricate ciliates which often dominate pelagic communities (Garrison et al. 1993 , Claessens et al. 2008 .
In order to better characterize both the pelagic ciliate community of the Southern Ocean and the factors that influence its size and composition, samples for ciliates and other biotic and abiotic parameters were taken in 9 profiles during the late austral summer in 2006 in the Bellingshausen and Amundsen Seas. While a descriptive study cannot definitively assign causes to observed distributions, we used a number of approaches to at least generate hypotheses about putative community and biomass drivers. For one, we correlated abundance and biomass data against a number of biotic and abiotic parameters to determine associations. We also conducted regressions of species richness against chlorophyll a (chl a) and ciliate biomass to determine whether these relationships were similar to those found for ciliates from different habitats. In addition, we compared estimates of species richness and abundance obtained by counting settled samples with those from the quantitative protargol stain (QPS) which offers higher taxonomic resolution (Montagnes & Lynn 1987) . In order to determine how close the species richness estimates were to the true species richness, species accumulation curves were calculated (Colwell & Coddington 1994) . The response of the ciliate community, at the species level, to varying environmental conditions was examined using principal components analysis (PCA), correlating the generated axes against the measured environmental parameters. Finally, there has been recent interest in whether Hubbell's (2001) neutral theory of biodiversity applies to ciliates, and what, if anything, this says about how ciliate communities are assembled (Dolan et al. 2007 , Claessens et al. 2010 ). Hubbell's model suggests that communities are random assortments of competitively similar species governed by random processes of recruitment from a larger metacommunity, speciation and extinction (Hubbell 2001) . While so-called species abundance distribution (SAD) curves can have multiple theoretical causes, communities conforming to the neutral theory are thought to show either the zero-sum multinomial distribution, or, if species are not dispersal limited, the log-series distribution (Hubbell 2001 , McGill et al. 2007 . In contrast, a geometric distribution is thought to occur when only a few environmental parameters are driving species distributions, such as in harsh environments (Magurran 1988) . By using these varied approaches, we attempted to provide a more complete picture of the ciliate community of the Southern Ocean -during a part of the year that has received relatively little attention: the late austral summer and early autumn.
MATERIALS AND METHODS
Profiles were taken as part of the ANT XXIII/4 cruise of RV 'Polarstern' during the period February 16 to March 26, 2006 . The research area was the Bellingshausen and Amundsen Seas, west of the Antarctic Peninsula, between 69°W and 125°W and between 68°S and 72°S. Stns P1 to P4 were located on an east-to-west transect from the west coast of the Antarctic Peninsula to Peter I Island: from 68°12' S, 69°48' W to 68°43' S, 90°5' W ( Fig. 1, Table 1 ). Profile P1 was taken on the continental shelf in 496 m depth, P2 on the shelf break, and P3 and P4 in the open ocean (Table 1) . The next 5 profiles were more scattered, but they also featured stations on the continental shelf, on the shelf slope and in the open ocean. The minimum water depth was 276 m in Pine Island Bay (P5), the maximum depth 3447 m (P3). Stn P7 was on the continental shelf slope near Thurston Island. Stn P9, while in the open ocean, was above the Marie Byrd Seamounts, and therefore in somewhat more shallow water. The dates, depths and locations of the sampling stations are given in Table 1 . When the water depth allowed, samples were taken at 20 m intervals from the surface to Haardt fluorometer and twenty-four 12 l Nisken bottles as well as sensors for conductivity, pressure and temperature (CTD). A total of 108 samples were taken from 9 profiles. At the end of each profile, samples were taken immediately for ciliates, dinoflagellates, nanoplanktonic flagellates, bacteria and nutrients. For ciliates and dinoflagellates, 950 ml was drawn off, fixed with 50 ml of Bouin's solution, and later concentrated 10× by sedimentation; counting was carried out in settling chambers on an inverted microscope (100 to 500 ml of the original sample).
For 55 samples (all depths in profiles P1 to P5, and 2 depths each from P5 to P9), subsamples were also silver stained using the QPS methodology for identification to genus or species level (Skibbe 1994) . 100 ml samples for flagellates were fixed with glutaraldehyde (2% final conc.), but damage in transport made the majority of the samples uncountable. 2 ml samples were taken for bacteria, fixed in 2% (final conc.) glutaraldehyde and stored in liquid nitrogen. Both heterotrophic and autotrophic prokaryotes were enumerated by flow cytometry after staining with Cyber green (Marie et al. 2001) . Dissolved phosphorus and oxygenated dissolved nitrogen (NO 2 -+ NO 3 -) were measured spectrophotometrically with a QuikChem 8000 flow injection analyser (Lachat Instruments). Concentrations of ammonium were determined by the orthophthaldialdehyde method (Holmes et al. 1999) and quantified by fluorescence detection on a TBS-380 mini-fluorometer (Turner BioSystems) calibrated with the standard curve of a wide range. Concentrations of chl a were measured in sea water, prefiltered through a 100 µm mesh, from 101 samples. The chl a was extracted from samples of 250 ml, collected on GF/F filters, extracted in 90% acetone for 24 h at 4°C and measured on a TBS-380 fluorometer. These chlorophyll measurements were used to calibrate the chlorophyll measurements from the fluorometer on the CTD, using the regression:
where Chla is the concentration of chl a measured with acetone extraction (assumed to be the 'true' concentration of chl a) and Chla fluor is the value of chl a measured by the fluorometer.
Ciliates were identified using standard literature (Kofoid & Campbell 1929 , Adler 1999 , Petz 1999 , 2005 as well as a number of original papers , Lynn & Gilron 1993 , Agatha & Riedel-Lorje 1997 , Suzuki & Song 2001 , Modeo et al. 2003 , Agatha et al. 2005 , Skovgaard & Legrand 2005 . Dinoflagellates were identified using McMinn & Scott (2005) and Steidinger & Tangen (1977) . Ciliate abundance was converted to biovolume by measuring between 1 (for species with a single occurrence) and 10 individuals per species from the settled samples and applying standard geometric formulae or combinations thereof (e.g. for many Strombidium species, a half-sphere on top of a cone). Biovolume was then converted to biomass using a factor of 0.14 pg C µm 3 (Putt & Stoecker 1989 ). Ciliate and dinoflagellate data were analysed using correlations, regressions, and PCA with the programs JMP, SAS and CONOCO (Ter Braak 1986 , SAS Institute 1989 . The PCA was conducted on the QPS samples, as these had greater taxonomic resolution than the settled samples counted with an inverted microscope. SADs were fitted using relative abundances and compared to the theoretical geometric, log-normal, log-series, and zero-sum multinomial (zsm) distributions. The geometric distribution was calculated according to Magurran (1988) , the log-series by using May's (1975) approximation and the log-normal by using the means and standard deviation of per-species ln(abundance) in each sample to generate 1000 lognormal distributions for each sample, with species richness equal to the actual species richness in the sample. The zsm distribution was calculated using the optimal.theta and rand.neutral functions of the untb package in R (Harkin 2009). The goodness of fit of the distributions was ranked using the Akaike Information Criterium (AIC), as calculated in Dolan et al. (2007) . Species accumulation curves, which estimate the total species richness from the increase in richness as samples are consecutively added together, were calculated using the specaccum function of the vegan package in R (Oksanen et al. 2009 
RESULTS

Environmental conditions
In addition to low temperatures, the stations were characterised by low algal biomass and nutrient concentrations, a shallow mixed layer, and beneath 200 m, a relatively warm, high-density layer. The mixed layer (defined as depths with a water density within 0.125 kg m -3 of that at the surface, Levitus 1982) had an average depth of 53 m (range: 14 to 165 m) and a median temperature of -1.1°C (range: -1.7 to 1.9). Beneath the mixed layer there was often a colder layer extending to ~150 m, and beneath that, a warmer, denser layer (median temperature and salinity, 1.7°C and 34.7, respectively; Fig. 2 ). In the mixed layer, chl a was generally low, with a median value of 0.36 µg chl a l -1 , although surface values in profiles P2 and P3 were over an order of magnitude higher, with maximum values around 4.5 µg chl a l -1 (Fig. 2) . In profiles P6, P8 and P9 there was evidence of at least a small subsurface chlorophyll maximum, but no deeper than ~80 m. Total dissolved nitrogen within the mixed layer had a median of 19.8 µg l , with an N:P ratio of 11.6. Bacterial and picoautotroph abundance in the mixed layer was low (median values: 0.21 × 10 6 and 770 cells ml -1 , respectively). In the cold layer beneath the mixed zone values were even lower (0.12 × 10 6 bacteria ml -1 and 410 picoautotrophs ml -1 ), and lower still in the deepest samples (0.081 × 10 6 bacteria ml -1 but 570 picoautotrophs ml -1 ).
Ciliate abundance and biomass patterns
Calculated over all depths and samples, median ciliate abundance was 139 ciliates l -1 , or 0.34 µg C l -1 . This was not distributed evenly over all depths, with both abundance and biomass concentrated in the surface layers (Fig. 3) . In the mixed layer, median abundance and biomass were 452 ciliates l -1 and 0.82 µg C l , and in the deep layer 33 ciliates l -1 and 0.06 µg C l -1 (Table 2) . Maximum abundance was 2140 ciliates l -1 while maximum biomass was 4.55 µg C l -1
. In the mid depths, ciliate biomass was roughly equal to that of dinoflagellates (not differentiating between autotrophic, mixotophic and heterotrophic species). In the mixed layer, however, dinoflagellate biomass was usually twice that of ciliate biomass, and in the deep layers, 3 times greater than ciliate biomass. The relative biomass proportions were highly variable, with some samples in which ciliates made up almost 100% of the combined ciliate-dinoflagellate biomass, even in the deep layers.
Total ciliate abundance and biomass, as well as species richness, were strongly correlated with a number of environmental parameters. These parameters were often correlated among themselves, the degree to which can be seen as the angle between the environmental vectors in Fig. 4 , where an angle of 90°repre-sents zero linear correlation, and 0°or 180°perfect positive or negative correlations. Abundance, biomass and richness were positively related to productivity, measured as chl a (Table 3 ). In all 3 cases, the relationship was log-linear, with the following equations describing the data: . The difference in slopes of the equations (1.18 for abundance, 1.19 for biomass but 0.27 for richness) indicates that abundance and biomass increased more steeply with increasing productivity than did species richness. This trend can also be seen in the regression of species richness against abundance: ln(richness) = 0.815 + 0.387 × ln(abundance) (R 2 = 0.67, p < 0.0001)
The greater dependence of abundance and biomass on productivity, compared to species richness, resulted in abundance and biomass decreasing with depth more rapidly than species richness (Fig. 3) . The ratio of ciliate biomass to chl a (µg C l -1 :µg chl a l -1 ) also varied with depth and was generally low. In the mixed layer, the ratio was 2.1, while the ratio was marginally higher in the mid depths (2.6) and considerably lower in the deep layers (0.6).
Total ciliate abundance was also strongly positively correlated with bacterial abundance and negatively correlated with depth and salinity (Table 3) . Chl a and bacterial abundance were themselves positively correlated, and, in turn, negatively correlated with depth and salinity (|r s | > 0.65, Table 3 ). Species richness was related to bacterial abundance, depth and salinity in a manner similar to abundance, although the relationships tended to be weaker than for abundance (r s = 0.53 to r s = -0.44, p < 0.013). Both ciliate abundance and species richness were largely unrelated to picoautotroph abundance (r s < 0.2, p > 0.04, Table 3 ).
NO 2 -+ NO 3 -and PO 4 3 -were negatively correlated with chl a (r s = -0.53 and r s = -0.51, respectively, p < while biomass is in µg C l -1 in order to present abundance and biomass on the same scale. Note that the maximal value for abundance and biomass is 1 for profiles P1, P5, P7 and P9, while it is 5 in the remaining panels. Maximum depth in profile P5 was 276 m, resulting in a truncated profile 0.0001) and perhaps, as a result, there were also negative correlations with these nutrients and ciliate abundance and species richness, although the relationship was stronger for abundance than for richness (Table 3) . While NH 4 + was not related to chl a (r s = 0.19, p = 0.15), there was still a positive correlation with ciliate abundance, and, in particular, species richness. The N:P ratio, however, was not related to either abundance or richness (Table 3) .
Ciliate taxonomic patterns
A total of 70 ciliate and 15 dinoflagellate species or morphotypes (which could be distinguished, but not identified to species) could be identified in the samples. Ciliate species richness ranged from 25 to 3 species at any depth in the profiles. Species richness was similar in the mixed and mid layers, despite ciliate Fig. 4 . Results of the principal components analysis (PCA) of the ciliate data, overlaid with the correlations between the PCA scores and the environmental factors potentially influencing the ciliate distributions. The x-axis is the first PCA axis, the y-axis is the second PCA axis. Symbols: ciliate species, broken into taxonomic and functional groups. Abbreviations are expanded in Table 4 . Arrows: Pearson correlation coefficients between the PCA axes and the environmental factors, where the length and direction of the arrow gives the correlation with the 2 axes (e.g. chl a had a correlation of 0.77 with PCA axis 1, and 0.03 with PCA axis 2). The angle between the environmental factors gives the degree of correlation among the factors, with 0°indicating r = 1.0, 90°r = 0, and 180°r = -1. Dino_SR = dinoflagellate species richness; Dino_Abun = dinoflagellate abundance; Picoauto = picoautotroph abundance; Temp = temperature abundance and biomass in the mid depths being considerably lower than in the mixed layer (Table 2 , Fig. 3 ). A median of 15 species (range: 6 to 22) were found in the mixed layer, with 11 species in the mid depths (range: 3 to 25, summed over all depths in the layer). The mixed layer had approximately twice the biomass and 3 times the abundance of the middle depths (Table 2 ), but more samples were usually taken in the mid depths, thus increasing the probability of finding rare species. While samples beneath 180 m had the lowest abundances (median: 33 ciliates l -1
, range: 4 to 208 ciliates l -1 ), species richness was relatively high, with a median of 8 species found (Table 2) . Unlike the relatively high species richness in the mid layers, the species richness in the deep samples was unlikely to be due to a sampling effect, as there were only 1 to 3 samples from these depths, compared to 2 to 8 samples in the mid layers and 1 to 9 samples in the mixed layer.
Despite the low number of samples from deeper waters, it would appear that a higher sampling intensity would have revealed only a limited number of additional species. With 55 samples where the taxonomic resolution was good, we could construct species accumulation curves to estimate the total number of ciliate species in our study area. The estimated total number of species varied with the method used (Chao, Jackknife or Bootstrap) but the estimates ranged between 77 (Bootstrap) and 90 (Jackknife) species, with standard errors in the range of 8.6 to 2.7 species. This compares favourably to the 70 species actually found.
In all samples, the dominant ciliate group were the aloricate choreotrichs and oligotrichs (hereafter referred to collectively as 'naked oligotrichs'), in terms of abundance, biomass and species richness. Naked oligotrichs made up on average 56% of the total abundance, and 70% of the total biomass, a proportion that was roughly constant over depths. Tintinnids were on average 16% of total abundance and 9% of total biomass, while raptorial litostomes (primarily Didinium gargantua, Gymnozoum viviparum and an unidentified haptorid; Table 4 ) were 8% and 5% of abundance and biomass, respectively. Mixotrophic ciliates (primarily Mesodinium rubrum and Strombidium antarcticum) made up on average 15% of total abundance, with the percentage being higher in the mixed layer than in the mid or deep layers (20, 13 and 10% of total abundance, respectively). There was a group of 12 species that appeared in at least 20 of the 55 QPS samples (Table 4) . Most common among these were the naked oligotrichs Lohmanniella oviformis, Leegaardiella sol, Strombidium antarcticum, Leegaardiella ovalis and the tintinnid Amphorides laackmanni. Conversely, there were 14 species, including what appear to be new haptorid and Strombidium species, which appeared in only a single sample (Table 4) .
PCA was used to examine relationships between individual species and the environmental parameters. Dinoflagellate total abundance and species richness were included as environmental parameters, as dinoflagellates can be simultaneously prey for, competitors with, and predators on, ciliates, and they were therefore likely to influence ciliate distributions (Hansen 1991 , Levinsen & Nielsen 2002 , Johnson et al. 2003 . The analysis showed that, while ciliate species could be clearly separated along environmental axes, the separation was much more of a continuum than distinct groups with clear discontinuities between them (Fig. 4) . The first PCA axis was a depth-productivity axis, with a strong positive correlation to chl a (r = 0.77) and negative correlations to depth, salinity (with a tendency to increase with depth in Antarctic waters in the summer and early autumn, Fig. 2) , and water density (r = -0.52, -0.53 and -0.60, respectively). The species with the most negative value on this axis, Propostoma notatum, was found at a mean depth of 149 m and with a mean abundance-weighted chlorophyll concentration of 0.22 µg l -1 , while Pelagostrobilidium neptuni, at the positive end of the axis, was found at a mean depth of 35 m with a mean chlorophyll concentration of 2.67 µg l -1 (Fig. 4, Table 2 ). Dinoflagellate abundance and, in particular, species richness were closely correlated with chl a, and explained little variance in the ciliate distribution not already explained by chl a (Fig. 4) .
The second PCA axis was mostly a nutrient axis, with positive correlations to NH 4 + and NO 2 -+NO 3 -(r = 0.30 and r = 0.39, respectively) and negative correlations to picoautotroph abundance as well as temperature (r = -0.39 and r = -0.34, Fig. 4 Table 4 . Summary of ciliate species ranked by their frequency of occurrence. N is the number of samples in which the species occurred, mean depth and mean chl a are the means of the depths and chlorophyll a concentrations at which the species were found, weighted by the abundance at each depth or chlorophyll concentration. Abbreviated names are those used in Fig. 4 . 'Group' = functional or taxonomic group: Oligo = aloricate, heterotrophic choreotrichs and oligotrichs; Mixo = mixotrophs; Tint = tintinnids; Rapt = heterotrophic raptorial litostomes; Other = species not falling into the previous 4 groups axis, and in fact there was the identical trend of negative correlations between mixotroph abundance and NO 2 -+NO 3 -or PO 4 3 -as for total ciliate abundance (r s = -0.40 and -0.52 respectively; p < 0.01). A third axis (not shown) was strongly correlated with the total depth of the station where the profile was taken (r = -0.57). Collectively, the first 3 axes of the PCA explained 42% of the species data (22, 12 and 8%, respectively) and 66% of the species-environmental factor correlations.
One small group that could be distinguished in the PCA was made up of the 3 species at the top end of the second PCA axis: Oligotrich1, Lohmanniella oviformis, Strobilidium sp3 (Fig. 4) . All 3 species were common, appearing in at least 23 of 55 QPS samples. The 3 species were mid-water species, found at mean depths between 60 and 81 m ( ). There were 52 samples in which species richness could be accurately estimated with QPS preparations and where species richness was ≥ 5. These were used to construct SADs, and then to compare the measured data to theoretical distributions. Of the theoretical distributions (geometric, log-normal, log-series and zsm distributions), the geometric distribution gave the best fit to the species abundance curves for 30 samples, as measured by the AIC statistic. An example of this is the 40 m sample in profile P4 (Fig. 5A) . The log-series distribution gave the best fit on 9 occasions (e.g. Fig. 5B ), the log-normal for 7 samples (Fig. 5C ) and the zsm distribution for 6 samples (Fig. 5D ). There was a general trend that the geometric distribution gave the best fit to the relative abundances when the most abundant species was less dominant, i.e. when both the relative and absolute abundance of the most common species was low. The relative abundances of the most common species were 22, 36, 34 and 48% when the geometric distribution was ranked from best to worst fit; the median absolute abundances of the most abundant species were 19, 72, 114 and 267 ciliates l -1 (Kruskal-Wallis test: p ≤ 0.0004). The opposite trend, though weaker, was observed based on the ranking of the zsm distribution. When the zsm distribution gave the best fit, the dominant species made up 53% of the total abundance, or 46 ciliates l -1 ; when it gave the worst fit, the most abundant species was 28% of the total, or 23 ciliates l -1 , a significant difference (relative abundance: p = 0.024; absolute abundance: p = 0.004). No clear trend could be seen in species richness based on the ranking of the other distributions.
Using both settled samples and QPS to examine ciliates allowed a comparison of the two methodologies. Total ciliate numbers were consistently higher in the settled samples, on average 72 ciliates l -1 , or 11%, a significant difference (paired t-test: p = 0.006). Regressing ciliate abundance as measured by the 2 methods produced the equation:
Abundance QPS = 0.81 × Abundance Settled -9.73 (R 2 = 0.82, p < 0.0001) in which Abundance QPS and Abundance Settled are the abundances measured in the QPS and settled samples, respectively. The slope of the line was significantly <1 (p < 0.001), indicating that the difference between the abundance estimates was not constant, but became less at higher abundances.
Surprisingly, there was no significant difference in the estimated species richness (paired t-test: p = 0.071) in the individual samples, although the total species richness was considerably higher in QPS samples (70 species or morphotypes in the QPS samples, 25 in the settled samples). Regressing species richness measured by the 2 methods produced a line with a slope and intercept not significantly different from 1 and 0, respectively (p > 0.05), indicating that the lack of difference in species richness estimates was consistent across the range of species richness observed in our study. The higher total species richness in the QPS samples was due to the higher taxonomic resolution this procedure allows: of the 70 morphotypes found in the QPS samples, 59 could be identified at least to genus, and 42 to species. There were also 2 morphotypes (a Strombidium species and a haptorid species) which appeared to be new. In contrast, in the settled samples, only a few obvious morphotypes such as Strombidium conicum could be identified to species level, resulting in similar-appearing morphotypes from different samples being lumped together.
DISCUSSION
The ciliate community in the Bellingshausen and Amundsen Seas was a diverse one, given the generally extreme conditions -and given that the samples were taken at a time of rapidly declining productivity. Both temperature and chlorophyll a were low (mean tem- Fig. 5 . Examples of the actual and estimated species abundance distributions, with the relative abundance of each species found in the sample plotted against its ranked abundance. In each panel, the station and depth of the sample for the distribution is given, along with the theoretical distribution giving the best fit to the data as well as dominant species in the sample. Zsm: zero-sum multinominal distribution perature and chl a in the mixed layer: -0.5°C and 0.7 µg chl a l -1
Mesodinium rubrum
, respectively), with maximum values in the mixed layer reaching only 2.0°C and 4.5 µg chl a l -1 . Despite the extreme conditions, the ratio of ciliate biomass to chlorophyll biomass (2.1 in the mixed layer, 2.6 in the mid layers) was only moderately lower than that previously found in more temperate environments, where values mostly ranged from 2.8 to 5 (summarised in Dolan & Marrase 1995) .
As shown in many other studies, there was a dominance of aloricate oligotrich ciliates, both in terms of abundance and biomass (e.g. Garrison & Buck 1989 , Klaas 1997 , Edwards et al. 1998 , Santoferrara & Alder 2009 . Given the declining light levels during the Antarctic autumn, it was unexpected that mixotrophic species would make up 20% of total abundance in the mixed layer, similar to that found for the Mediterranean, an area with considerably higher light intensities (Pitta & Giannakorou 2000 , Pitta et al. 2001 . However, mixotrophs have been found even during the Antarctic winter, contributing up to 10% of large ciliate abundance (Gowing & Garrison 1992) . Mixotrophs, as a group, had the same positive correlation with chl a (r s = 0.72) and negative correlation with NO 2 -+NO 3 -and PO 4 3 -as did total ciliate abundance. Individual mixotroph species were largely within the main cluster of species in the PCA (Fig. 4) , although, consistent with their positive correlation with chl a and higher proportion of total abundance in shallower depths, shifted to the right of the first (depth and chl a) PCA axis. It was therefore difficult to discern a trend which distinguished mixotrophic ciliate distributions from those of heterotrophic ciliates.
The 70 species found in the 55 samples where QPS was used appear to be close to the maximum that could be expected to be found: the rarefaction curves suggested that the true diversity was in the range of 77 to 90 species. Moreover, the slope of the richness-abundance curve (0.39) is almost exactly that found by Hillebrand et al. (2001) as a global pattern for ciliate species richness (0.40), suggesting that the ciliate communities in the late summer Bellingshausen and Amundsen Seas are not species-poor, compared to more temperate habitats. However, the taxonomic data collected in the present study indicate that one cannot speak of an 'antarctic' ciliate community, at least in the pelagia. While some of the species found (e.g. Frontonia frigida, Tontonia antarctica) are specific to the Southern Ocean, many others are cosmopolitan (e.g. Mesodinium rubrum, Leegaardiella sol, Strombidium conicum; Montagnes et al. 1988 , Petz 2005 , Claessens et al. 2008 . That there are Antarctic examples of common ciliate species should not be surprising, as geographically distant clones can have different temperature optima (Wickham & Lynn 1990 , Gächter & Weisse 2006 ). However, common marine species have relatively little genetic diversity compared to geographically (e.g. rock pool or freshwater) isolated species (Katz et al. 2005) , implying that the Antarctic Circumpolar Current provides the isolation required to foster high enough diversity within ciliate species to allow cold-water clones of cosmopolitan species.
It has been suggested that Southern Ocean microplankton communities exist in 1 of 2 phase states, pelagic and sea-ice (Priddle et al. 1996) , and we were clearly sampling only the pelagic community. While Petz (2005) lists 161 known species from the Southern Ocean, many of these are associated with sea-ice. Petz et al. (1995) state that 55 of the 68 species they found were unique to sea-ice, and groups such as hypotrichs and stichotrichs for example, while typical of sea-ice communities, were absent from our samples. Only 2 species that Petz et al. (1995) list as common in sea-ice (Strombidium antarcticum and Gymnozoum viviparum) were also common in our pelagic samples (Table 4 ). With our samples being taken so late in the austral summer, it is not surprising that species typical of sea-ice communities were largely absent. Even in profile P5, closest to the ice edge (Fig. 1) , the dominant species were Tontonia antarctica and Lohmanniella oviformis, both pelagic species. Thus the 70 species found in the current study, and, in particular, the projected 77 to 90 species expected to be found, represent an accurate picture of the true morphological diversity of the pelagic ciliate fauna of the Southern Ocean.
Comparing the diversity found in our samples to previous studies is difficult in that most previous work with good taxonomic resolution from the Southern Ocean has concentrated either on sea-ice and ice-edge communities or on tintinnids (e.g. Buck & Garrison 1983 , Garrison 1991 , Wasik 1998 ). An annual cycle of sampling at Signey Island yielded 24 ciliate taxa, using Lugol's-fixed, settled samples, similar to the 25 morphotypes that could be identified in our Bouin's-fixed settled samples (Leakey et al. 1994) . A total of 22 ciliate species were found in 36 samples from coastal stations in the Ross Sea, but samples were concentrated on a 20 µm mesh and fixed in buffered formaldehyde, which is likely to result in considerable cell loss (Fonda Umani et al. 1998) . Another coastal site yielded only 18 species even though protargol staining was used (Grey et al. 1997) . The richness-chlorophyll and richness-abundance regressions presented in 'Results: Ciliate abundance and biomass patterns' would suggest that, at the maximum chlorophyll concentrations and ciliate abundances found by Grey (1997) , between 23 and 29 species should have been found, which, in turn, suggests that the coastal stations visited by Grey et al. (1997) were relatively species-poor compared to the Bellingshausen and Amundsen Seas' stations sampled in the present study.
Comparable data for the same geographic area, or even from different areas of the Southern Ocean at approximately the same time of year, particularly from open water sites, are rare in comparison to data from the austral spring and summer. The ciliate abundance found in our study was roughly similar to that found previously in the Bellingshausen Sea, although samples in the previous study were taken at the beginning of the austral summer (November-December, Edwards et al. 1998) . In that study, there was a definite trend of increasing biomass in a transect from icecovered to open water, in an area east of our station P3. A study that included the southern reaches of the Drake passage in April found ciliate abundance and biomass (575 ciliates l -1 and 1.08 µg C l -1
, respectively) that were very similar to those found in the mixed layer in our study (Table 2) . Interestingly, that study found much weaker correlations between ciliate abundance or biomass with temperature or chlorophyll, although data from both north and south of the polar front were grouped, which may have masked 2 separate trends (Santoferrara & Alder 2009) . Ciliate abundance and biomass in the Weddell Sea in March was similar to those found in the current study, though with generally lower chlorophyll values (Garrison & Buck 1989) . In summary, the ciliate abundance and biomass found in the current study are roughly comparable to previous work done at the same time of year, but chlorophyll was a better predictor of ciliate abundance and biomass in our study.
The PCA indicated that the composition of the ciliate community in the Bellingshausen and Amundsen Seas was driven by relatively few ecological factors. The first PCA axis, strongly correlated with chl a, explained 22% of the species distribution, and chl a alone could explain 48% of the variation in ciliate abundance. The slopes of the ln(abundance):ln(chl a) and ln(biomass):ln(chl a) regressions from our study were considerably steeper than those found for an oligotrophic region of the Mediterranean (Dolan & Marrase 1995) , indicating a greater dependence on productivity in our system. The comparable slopes were approximately 0.7 vs. 1.18 for ln(abundance):ln(chl a) and 0.8 vs. 1.19 for ln(biomass):ln(chla) (data redigitised from Fig. 4 in Dolan & Marrase 1995) . Thus, a productivity gradient, both between and within sampling stations, was the major driver of most aspects of the ciliate community (species composition, species richness, abundance and biomass). While positive productivityabundance or biomass relationships have been found within planktonic ciliate communities (Dolan & Marrase 1995 , Pitta et al. 2001 , Zingel et al. 2002 , this is not always the case, and the productivity-species richness relationship is less clear , Claessens et al. 2010 . For instance, strong positive relationships between tintinnid abundance and chl a have been found in the equatorial Pacific and the Mediterranean, but unlike the current study, no relationship between tintinnid species richness and chl a (Dolan et al. 2002 (Dolan et al. , 2007 . Thus, while productivity was a clear driver of ciliate abundance and biomass in our study, the positive productivity-richness relationship we found is far from being a general phenomenon. This could be partly due to the large effort necessary to obtain accurate estimates of aloricate ciliate species richness, but the work with tintinnids cited above had the requisite taxonomic resolution to find a productivity-richness relationship if one were present. What drives the species richness of marine ciliate communities remains to be determined.
A factor that was not measured in our study, predation, also has the potential to structure ciliate communities. Many copepods are selective predators on ciliates, choosing ciliates over phytoplankton prey and selecting among ciliate species (Jonsson & Tiselius 1990 , Atkinson et al. 2002 . Both the adult and larval forms of the Antarctic krill Euphausia superba have the ability to impose significant mortality on ciliates, and while selection for ciliates over other prey has been shown, there is as yet little evidence for krill being able to structure the ciliate community through selective predation (Atkinson & Snÿder 1997 , Wickham & Berninger 2007 . Dolan et al. (2007) examined the species-abundance patterns for tintinnids in the equatorial Pacific, and found that the log-series distribution most often gave the best fit to their data. In considerable contrast to these results, the geometric distribution gave the best fit to the majority of the species-abundance distributions from the Bellingshausen and Amundsen Seas, with the log-series distribution providing the best fit to only 9 of the 52 distributions. This is relevant in that the log-series distribution, and more often, the zsm distribution (which provided the best fit to 6 of our distributions) is cited as evidence of the neutral theory biodiversity providing the best explanation of species distributions (Hubbell 2001 , Alonso & McKane 2004 , Dolan et al. 2007 ). According to the neutral theory, species assemblages are a collection of competitively similar species, assembled through random processes of immigration from a larger metacommunity, local extinction and speciation (Hubbell 2001) . In contrast, the geometric distribution is often thought to be a result of niche partitioning, with each species taking the same percentage of available resources. If the competitive dominant species takes 20% of the available resources, the second best takes 20% of the remaining 80% and so on (Magurran 1988) . This is expected to occur when relatively few environmental factors structure a community, although it is fre-quently acknowledged that multiple hypotheses can generate the same theoretical distribution (Magurran 1988 , McGill et al. 2007 ). However, the hypothesis of a single environmental driver, as suggested by the geometric distribution, is consistent with the results of the PCA, which showed that a depth-productivity axis could explain 22% of total variance in the species distribution.
A pattern which emerged from the SADs is that when the geometric distribution gave the best fit to the data, there was no clear competitive dominant, with a fairly even distribution in the species-abundance pattern. However, there was a positive correlation to how well the geometric distribution fits the data, and the proportion of raptorial litostomes and 'other' ciliates in the samples (ciliates that were neither heterotrophic aloricate oligotrichs, tintinnids, litostomes, nor mixotrophs; r s > 0.42, p < 0.01). The opposite was true for the zsm distribution. The zsm distribution gave a poor fit when the relative abundance of the rarest species, particularly those appearing only once in sample, was high, but also when the proportion of litostomes and 'other' ciliates was low. (r s < -0.41, p < 0.02; Fig. 5 ). The neutral theory has the assumption of 'hard symmetry', the explicit assumption that all species and individuals are equivalent (Alonso et al. 2008) . This is consistent with the zsm distribution giving a poor fit when species with different feeding modes (i.e. filter-feeding oligotrichs and raptorial litostomes) are present. The geometric distribution is based on an assumption of niche partitioning, which would be more likely when different feeding modes were common. However, the proportion of different feeding modes can only explain so much about which distribution gave a better fit: the proportion of mixotrophs in the samples was not correlated with any distribution giving a better fit. Moreover, the dominance of a single species would appear to contradict the expectations of neutral theory, where species are competitively equivalent. An alternative explanation is, of course, that only a limited amount can be inferred by abundance distributions alone, and while observational patterns can generate hypotheses, experimental work is necessary to confirm or reject them.
The comparison of results obtained by QPS and settled samples suggests that Bouin's-fixed, settled samples are adequate to describe within-sample species richness, with no significant difference in the species richness measured by the 2 methods. There is a tradeoff in that, while QPS offers much higher resolution, there are fewer cells to be identified, and therefore a lower likelihood of finding rare species. The reasons for this are 2-fold: cells are lost during the processing steps, and the smaller surface area of the filter used in QPS compared to that of a settling chamber results in smaller sample volumes being used for QPS. When abundance and within-sample species richness (alpha diversity) is all that is required, then the minimum half day required to prepare 10 to 12 QPS samples is unnecessary. However, QPS has a clear advantage when evaluating regional (gamma) diversity. Marine plankton samples are often dominated by small oligotrichs, scuticociliates and prostomes (e.g. Claessens et al. 2008) which are difficult to differentiate between similar morphotypes within samples, a problem that is compounded when comparing between samples. Similarly, distinguishing between a new species and a similar, already described species requires a level of detail not available in settled samples. The unknown haptorid species found in our samples, for example, is evidently a new species, with characters (equitoral kinities, longitudinal kinity, microtubules in oral area) not visible in settled samples, that would most likely have led to the species being misidentified as a known species. Moreover, Lugol's-fixed samples tend to be more darkly stained than those fixed in Bouin's solution, making Lugol's-fixed samples still harder to identify. Conversely, using QPS alone is ill advised, as the method was shown to underestimate abundance substantially, with cells evidently being lost during the many staining and dehydration steps. That ciliates are frequently a critical group in aquatic food webs is clear. However, the drivers of ciliate diversity are not always self-evident, and without the combination of both good taxonomic and abundance/biomass data, it will be impossible to determine how the role of ciliates is modulated by the species composition of the ciliate community and smooth running. 
